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Aedes densovirus (AeDNV)-based constructs that express green fluorescent protein (GFP) from either the P7 or the P61
promoter were made. The construct in which GFP protein was expressed as a fusion protein to the C-terminus of NS1
(NS1–GFP) showed the highest level of GFP expression. This hybrid NS1–GFP protein preserved the biological functions of
the parental proteins: it showed GFP fluorescence, it stimulated expression from the virus promoters, and it facilitated rescue
and replication of the cloned AeDNV genome. Similar to NS1, the hybrid NS1–GFP localized in the nucleus predominantly in
a punctate pattern. Transducing virus particles carrying the NS1–GFP gene infected mosquito larvae. Expression of GFP was
detected as early as 48 h postinfection and in larval and pupal stages. Midgut, hindgut, and Malpighian tubule cells expressed
GFP soon after transduction. However, the anal papillae were the most commonly infected organ system. The anal papillae
are syncytia and regulate ion concentration in the hemolymph of mosquito larvae, and they might be a novel route of
mosquito larvae infection with densoviruses. © 1999 Academic Pressg
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eINTRODUCTION
Mosquito-borne pathogens cause significant human
nd veterinary diseases, and new approaches to control
hese diseases are sorely needed. Viruses that infect
osquitoes offer two potential strategies. They could be
sed as biological control agents to reduce mosquito
opulations or they could be used to deliver and express
enes to reduce the vectorial capacity of mosquitoes
Carlson et al., 1995, 1996; Corsini et al., 1996). One of the
est characterized mosquito-specific viruses is the
edes densonucleosis virus (AeDNV). AeDNV was orig-
nally isolated from Aedes aegypti and was shown to
nfect mosquitoes of the genera Aedes, Culex, and Culi-
eta (Buchatsky, 1989). AeDNV and other closely related
iruses isolated from other mosquitoes or mosquito cell
ines (Jousset et al., 1993; O’Neill et al., 1995) comprise
he genus Brevidensovirus of the subfamily Densovirinae
n the family Parvoviridae (Tijssen and Bergoin, 1995).
The structure of the AeDNV genome (Afanasiev et al.,
991) is typical for a parvovirus genome (Cotmore and
attersall, 1987). The linear virion DNA (Fig. 1) is about
000 nt in length with palindromic sequences at each
nd that are capable of forming T-shaped secondary
tructures. The AeDNV genome contains a large open
eading frame (left ORF) that encodes the AeDNV major
onstructural protein (NS1) of about 90 kDa. Sequence-
pecific endonuclease and DNA helicase functions of
S1 are important for replication and packaging of the
irus genome. The protein also transactivates expres-
ion from virus promoters. The right ORF of the AeDNV
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62enome encodes two capsid proteins (VP1 and VP2) of
bout 40 and 38 kDa. Presumably VP2 is derived from
P1 by proteolytic cleavage of a small peptide fragment
rom the amino terminus or alternatively by an internal
nitiation of translation on one of the downstream ATG
odons. A third ORF (mid-ORF) is located within the left
RF and encodes the NS2 protein, the function of which
s still unknown. The expression from the left and mid-
RFs is driven by the left (p7) promoter and the expres-
ion of the right ORF is driven from the right (p61) pro-
oter. Like parvoviruses of vertebrates but unlike some
ther densoviruses, the open reading frames for the
onstructural and structural proteins are on the same
positive sense) strand. The negative-sense strand is
redominantly packaged in virions.
As reported previously (Afanasiev et al., 1994), a full-
ength clone (pUCA) of the AeDNV genome was con-
tructed (Fig. 1) and shown to be infectious when trans-
ected into cultured mosquito cells. Both promoters (P7
nd P61) were used to express the Escherichia coli
-galactosidase (b-gal) gene fused in-frame with viral
enes. These fusion genes cloned into the AeDNV ge-
ome between the terminal hairpin structures could be
eplicated and packaged into virus particles if the miss-
ng viral genes were provided in trans. These viral trans-
ucing particles were capable of delivering and express-
ng genes in fresh cultured mosquito cells (Afanasiev et
l., 1994). Attempts to demonstrate transduction in mos-
uitoes were frustrated by the presence of endogenous
-galactosidase as well as b-glucuronidase activities
unpublished data). The gene for the green fluorescent
rotein (GFP) of the jellyfish Aequorea victoria has
roven to be a versatile reporter gene for detecting
xpression of recombinant DNA constructs in a number
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63TRANSDUCTION OF MOSQUITOS WITH DENSOVIRUS VECTORSf organisms, including mosquitoes (Higgs et al., 1996;
isteli and Spector, 1997). The protein is relatively non-
oxic and can be detected in living organisms. In order to
emonstrate AeDNV-mediated transduction in living
osquitoes, we constructed transducing genomes car-
ying the gene for GFP. We report here the transduction
f mosquito larvae with AeDNV transducing particles
arrying these genomes.
RESULTS
xpression constructs
For optimization of expression of GFP from the AeDNV
enome, different constructs were made (Fig. 1) and their
evels of expression were compared. The GFP gene was
loned into either the left or the right ORF so that the
roduct would be expressed as a fusion protein to the
ull-length NS1 or to a fragment of the N-terminal se-
uence of VP, respectively. For expression from the left
RF, two different plasmids were constructed. p7NS1–
FP contained the GFP gene fused to the last codon of
he NS1 protein in the left ORF and did not contain the VP
ene. p7NS1–GFPp61VP is identical to p7NS1–GFP ex-
ept that the AeDNV VP gene including the right-hand
erminal sequences was added downstream of the re-
ombinant p7NS1–GFP genome. All genes necessary for
eneration of transducing particles were provided on
his plasmid, thereby eliminating the need for a helper.
or expression of GFP from the right ORF, three different
onstructs were made. In p7NS1p61NTS–GFP, GFP was
used to the N-terminal 77 amino acids (aa) of VP1
ontaining a putative nuclear targeting signal (NTS) se-
uence (Afanasiev et al., 1994). In the p7NS1p61GFP
onstruct, GFP was fused to a 31-aa VP sequence that
acks the NTS. Both constructs contained the NS1 gene.
he third construct (p61GFP) was same as the
7NS1p61GFP, except the NS1 gene was removed.
hese constructs were transfected to Aedes albopictus
6/36 cells, and the GFP expression was detected by
luorescence microscopy. The first green cells were ob-
erved shortly after transfection, but maximum levels of
xpression were achieved about 48 h later. The relative
xpression was estimated from the exposure time dic-
ated by the automatic light meter attached to the micro-
cope. All of the estimates were performed on cells
ransfected on the same day with the different con-
tructs, and we attempted to use microscopic fields that
ontained comparable numbers of transfected cells. Al-
hough there was some variation from experiment to
xperiment, the relative efficiency of GFP expression
rom different plasmids (data not shown) could be rep-
esented by the following order (from less to more effi-
ient): p61GFP , p7NS1p61GFP , p7NS1p61NTS–
FP , p7NS1–GFP , p7NS1–GFPp61VP. As expected
he lowest level of expression was from p61GFP, the only
lasmid lacking the NS1 gene. It was previously shown
hat the presence of the NS1 gene stimulated the expres-ion from the AeDNV promoters (Afanasiev et al., 1994).
f the plasmids carrying the NS1 gene, the highest level
f expression was observed from p7NS1–GFP and
7NS1–GFPp61VP. In these constructs, NS1 and GFP
ere expressed as a fusion protein from the AeDNV p7
romoter. These constructs were chosen as expression
lasmids for transduction experiments.
unctional analysis of the NS1–GFP fusion protein
Successful expression of GFP fused to the C-terminus
f the NS1 protein revealed that the reporter gene was
unctionally active. In terms of the functions of NS1, cells
ransfected with p7NS1–GFP showed the highest visible
evel of GFP accumulation. This might suggest a higher
asal level of expression from the p7 promoter or a
igher level of transactivation of this promoter with the
S1–GFP fusion. Experiments summarized in Table 1
howed that the NS1–GFP fusion protein expressed from
7NS1–GFP was able to transactivate expression of
-gal from the p7 and p61 promoters similar to NS1
xpressed from pUCAinv. Thus, the ability of NS1 to
ransactivate the expression from both virus promoters
pparently was not significantly impaired in the NS1–
FP fusion.
Studies were then conducted to determine whether
he NS1–GFP retained the ability to rescue the linear
eDNV genome from the plasmid and support its repli-
ation (Afanasiev et al., 1994). Cells transfected with
7NS1–GFP and p7NS1–GFPp61VP were lysed, and low-
olecular-weight DNA was isolated (Hirt, 1967). The
NA was digested with DpnI to destroy unreplicated
am-methylated plasmid DNA. Hybridization of this DNA
ith a p7NS1–GFPp61VP derived probe revealed a band
Fig. 2, lane 2) with the size of the monomer replicative
orm of the p7NS1–GFP genome (3846 nt). In cells trans-
ected with p7NS1–GFPp61VP, an additional band with a
igher molecular weight was detected (Fig. 2, lane 5).
he presence of the two bands indicated that the shorter
3846 nt) and longer (5430 nt) forms of the recombinant
eDNV genome were excised from the plasmid and that
oth of them replicated. Thus, the presence of monomer
eplicative forms in cells transfected with NS1–GFP ex-
ressing plasmids demonstrated the ability of the NS1–
FP fusion protein to mediate the excision and replica-
ion of the GFP recombinant genome.
ntracellular localization of GFP fusion proteins
In transfected cells, the intracellular distribution of
FP signal differed depending on the nature of the fusion
olypeptide (Fig.3). GFP fused to the shorter sequence of
P1 (p61GFP and p7NS1p61GFP) was detected uni-
ormly throughout the cell (Fig. 3A). GFP fused to the
onger fragment of VP1, which contained the putative
TS, was detected mainly in nuclei (Fig. 3B). The NS1–
FP fusion showed a punctate pattern of nuclear distri-
ution (Fig. 3C). The protein accumulated in dense round
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64 AFANASIEV ET AL.FIG. 1. Structure of the AeDNV genome (shown as the pUCA clone), the helper (pVPs), and GFP expression constructs used in these studies. Broken
ines at the ends of each construct represent pUC19 sequences. The inverted terminal repeats of the AeDNV genome are depicted as left (L) and
ight (R) boxes, respectively. The ORF labeled VP encodes VP1 and VP2. The p7 and p61 promoters are depicted as arrows. “nts” is a putative nuclear
argeting sequence observed in the N-terminus of the AeDNV VP (eliminated in the p61GFP, p7NS1p61GFP, and p7NS1–GFP constructs). The empty
ox preceding GFP in p61GFP and p7NS1p61GFP represents a remnant of the VP ORF as explained under Material and Methods. Note that
7NS1–GFPp61VP is not drawn to scale.
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65TRANSDUCTION OF MOSQUITOS WITH DENSOVIRUS VECTORStructures inside the nuclei of transfected cells. The
umber and sizes of such structures varied in different
ells. After proliferation of transfected cells, the punctate
istribution of the NS1–GFP gradually disappeared, and
he protein was distributed homogeneously in nuclei
data not shown). A similar pattern of nuclear distribution
as found for the NS1 proteins of some mammalian
arvoviruses (Cotmore and Tattersall, 1990; Oleksiewicz
t al., 1996; Wistuba et al., 1997). The distribution of
S1–GFP indicated that functions vital to intracellular
ocalization of NS1 are preserved in the fusion protein.
eneration of transducing particles
Since only noncoding terminal sequences are re-
uired for parvovirus replication and packaging, essen-
ially all coding sequences of the transducing genome
an be replaced by foreign DNA. If the transducing ge-
ome is supplied with the missing virus proteins in trans,
t can be packaged into transducing particles.
The plasmids p7NS1–GFP and p7NS1–GFPp61VP,
hich yielded the strongest expression of GFP, were
hosen as the source of the transducing genomes.
7NS1–GFPp61VP provided all of the necessary compo-
ents for the production of the transducing particles.
hen p7NS1–GFP was used, VP were supplied from
ither pUCA, which is the infectious clone and hence
roduces all of the viral proteins, or pVPs, which lacks
he left part of the genome and thus supplies only the
tructural proteins (Fig. 1).
The plasmid carrying the recombinant genome and
elper plasmid (if needed) were transfected into mos-
uito cells, and after 60 h the cells were lysed by freezing
nd thawing. The titer of transducing particles varied
ubstantially from experiment to experiment (data not
hown). In most cases cotransfection of p7NS1–GFP and
UCA produced the highest titer of transducing particles.
n some experiments approximately 2% of all cells were
ransfected and the titer of the transducing particles was
pproximately 8000 per milliliter.
When pUCA was used as a helper, wild-type virus was
enerated along with recombinant particles. Wild-type
Effect of NS1 and NS1–GFP on the Expression of b-Galactosidase
from the p7 and p61 Promoters of AeDNV
Constructs
Experiment
1a
Experiment
2a
Average fold
increase
61NcoRE1pUC19 0.59 0.59 —
61NcoRE1p7NS1–GFP 3.33 3.2 5.5
61NcoRE1pUCAinv 6.51 6.89 11.2
7galNS11pUC19 0.09 0.09 —
7galNS11p7NS1–GFP 0.93 0.90 10.2
7galNS11pUCAinv 3.02 3.19 33.9
a b-gal light units adjusted as described under Materials and Meth-
ds.irus could also result from recombination of the AeDNV
equences within one construct (p7NS1–GFPp61VP) or
etween two plasmids (p7NS1–GFP and pVPs). The
resence of the wild-type virus in transduced cells was
etected with indirect immunofluorescence using anti-
ody specific to the AeDNV particles. The ratio of wild-
ype virus particles to recombinant particles (number of
FP-positive cells) was determined for each type of
ransfection experiment (Table 2). The lowest ratio of
ild-type to recombinant particles occurred when over-
apping sequences of the AeDNV genome were shorter
nd located on separate plasmids. These results also
uggest a relatively high level of recombination of the
ensovirus sequences in mosquito cells.
ransduction of mosquito larvae
Newly hatched A. aegypti larvae were exposed to
ransducing particles by introducing them into the me-
ium containing cotransfected mosquito cells. Two types
f producer cells were used successfully for transduc-
ion of mosquito larvae: cells transfected with p7NS1–
FPp61VP and cells cotransfected with p7NS1–GFP and
UCA. To increase the efficiency of transduction, larvae
ere put into the flask containing the whole-cell lysate
ncluding cell debris (Barreau et al., 1994). GFP expres-
ion was examined by fluorescence microscopy. The first
arvae with fluorescent cells were detected about 30 h
ostexposure to transducing particles. However, the
aximum number of positive larvae was seen after
FIG. 2. Southern blot analysis of intracellular low-molecular-weight
NA (see Materials and Methods) induced by transfection of cells with
he following plasmids: 1, cells infected with the virus (control). The
onomer replicative form (4012 nt) is shown by an arrow; 2, p7NS1–
FP; 3, p7NS1p61NTS–GFP; 4, markers with molecular weight 2700
nd 3823; 5, markers with molecular weights 2531, 5615, and 8100; 6,
7NS1–GFPp61VP.
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66 AFANASIEV ET AL.bout 50 h. In some experiments, up to 10% of larvae
ere positive. The positive cells showed predominantly
uclear localization of the NS1–GFP fusion protein.
FIG. 3. GFP expression in cells transfected with (A) p7NS1p61Githin 60 h of transduction two different types of tissue
ere GFP positive. In about 20% of positive larvae GFP
xpression was initially detected in individual cells of the
p7NS1p61NTS–GFP, or (C) p7NS1–GFP (magnification 3400).FP, (B)
f
i
67TRANSDUCTION OF MOSQUITOS WITH DENSOVIRUS VECTORSFIG. 4. GFP expression in Aedes aegypti mosquito larvae transduced with p7NS1–GFP (magnification 3100). (A) Midgut region. The single
luorescent cell is indicated by a circle. (B) Anal papillae. (C) Anal papilla under higher (3400) magnification. (D) Malpighian tubules. (E) Disseminated
nfection in a fourth-instar larva. (F) Muscle fibers.
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68 AFANASIEV ET AL.all in midgut region (Fig. 4A), confirming previous re-
ults with the wild-type virus (see Buchatsky, 1989). Cells
n midgut remained positive for about 24 h, after which
he cells expressing GFP disappeared and were absent
n third or fourth instar of larvae. Surprisingly, in 80% of
he infected larvae, the anal papilla was the first organ
ystem to express GFP (Figs. 4B and 4C). Usually one
ut occasionally up to all four papillae in a larvae were
nfected, and generally all of the nuclei in the infected
apilla fluoresced. The anal papillae of transduced lar-
ae remained positive throughout larvae development.
In some larvae, GFP expression was detected in Mal-
ighian tubules usually after 72 h past transduction (Fig.
D). One to several cells in a Malpighian tubule typically
xpressed the reporter gene and expression of GFP
ould be demonstrated for several days and in later
tages of larval development. After 96 h disseminated
nfections were seen in some larvae. Many cells in dif-
erent tissue expressed GFP (Fig. 4E). Occasionally, flu-
rescent muscle fibers were detected (Fig. 4F). In one
ase, GFP-positive cells were also detected in the pupal
tage (not shown).
DISCUSSION
The GFP gene was expressed from the AeDNV ge-
ome in three different ways: from the p7 promoter as a
usion protein to the full-size NS1 (p7NS1–GFP) or from
61 as a fusion protein to the N-terminus of the VP1 with
r without the nuclear targeting sequence (p7NS1p61GFP
nd p7NS1p61NTS–GFP). In all cases the NS1 protein
as provided by the recombinant genome, in the first
ase as a fusion protein and in the other two cases as a
ild-type protein. Interestingly, the cells transfected with
7NS1–GFP yielded a higher level of GFP expression (or
ccumulation) than the cells transfected with p7NS1p61GFP
nd p7NS1p61NTS–GFP. We do not know if this reflects
higher basal level of expression from the p7 promoter,
ts ability to be transactivated more efficiently with NS1–
FP, different efficiencies of translation or stability of
ifferent recombinant GFP mRNAs, or stability of the
usion GFP proteins (Schoborg and Pintel, 1991; Kimmick
t al., 1998). Additional GFP could also be expressed
rom the p61 promoter as a nonfusion protein using its
wn AUG initiation codon; the p61 promoter is preserved
n p7NS1–GFP and p7NS1–GFPp61VP constructs (see
ig. 1).
Presence of the Wild-Type Virus in Preparations
of Transducing Particles
Plasmids transfected
Ratio of wild-type virus particles per
number of transducing particles
7NS1–GFP 1 pVPs 1
7NS1–GFP 1 pUCA 6
7NS1–GFPp61VP 5The NS1 protein of parvoviruses is pleiotropic in func-
ion and is required for DNA replication, packaging of the
enome from replicative form DNA into virus particles,
nd regulation of gene expression from parvovirus pro-
oters (Vanacker and Rommelaere, 1995). We previously
emonstrated that the AeDNV NS1 was able to transac-
ivate the expression from the AeDNV promoters approx-
mately sixfold (Afanasiev et al., 1994). The NS1 protein is
lso necessary for excision of the viral genome from the
lasmid vector in infectious clones after transfection into
ells (Rhode, 1989). Thus, the presence of NS1 gene in
he recombinant genome facilitates not only its replica-
ion but also the transactivation of the expression of
eporter gene upon delivery into cells with transducing
articles. Stimulation of the GFP expression with NS1
as demonstrated when GFP expression plasmids con-
aining or lacking the NS1 gene were transfected into
osquito cells (not shown). The presence of the mono-
er replicative form of DNA in the cells transfected with
he constructs expressing the NS1–GFP fusion protein
ndicates that this protein is also able to modulate the
xcision of the recombinant AeDNV genome from the
lasmid and support its replication. The pattern of the
S1–GFP intracellular distribution is also similar to that
f NS1 of mammalian parvoviruses. Finally, the fact that
VPs is able to act as a helper suggests that the NS1–
FP fusion protein retains all of the functions necessary
or excision, replication, and packaging of the transduc-
ng genome into particles. All these data support the
ypothesis that the fusion of the AeDNV NS1 to GFP did
ot impair functions of either protein.
Interestingly, the highest level of expression was
chieved from the plasmid containing the VP gene
p7NS1–GFPp61VP). One might expect that after trans-
ection of the cells with p7NS1–GFPp61VP, infectious
ransducing particles are generated that could deliver
he reporter gene activity to new cells and thereby in-
rease the visible level of the GFP expression. However,
relatively low titer of the recombinant particles gener-
ted in cells transfected with this plasmid (data not
hown) and short period of time for developing the sec-
ndary infection (20 h) makes this hypothesis unlikely. At
his point we do not know how the presence of the VP
ene and recombinant genome on the same plasmid
timulates the expression of the reporter gene.
We have shown that it is possible to deliver and ex-
ress foreign genes in living mosquito larvae with trans-
ucing constructs based on the AeDNV genome. To be
ackaged, the size of a transducing genome should not
ignificantly exceed the size of the virus genome (Mu-
yczka, 1992). Packaging of AeDNV transducing particles
eclined substantially if the transducing genome was
onger than 108% of the AeDNV genome (Afanasiev et al.,
994). The size of the transducing genome in p7NS1–
FP is 3846, which is 96% the wild-type.
Three different ways were used to supply VP for pack-
ging the recombinant genome. The highest efficiency
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69TRANSDUCTION OF MOSQUITOS WITH DENSOVIRUS VECTORSas reached when pUCA plasmid was used as a helper.
ince this is an infectious clone, which upon transfection
nto mosquito cell produces the wild-type virus genome,
larger number of templates for the synthesis of VP
ould be provided as a result of its replication. The
onstruct p7NS1–GFPp61VP gave the second highest
iter of transducing particles. The Southern blot analysis
f the low-molecular-weight DNA (Fig. 2, lane 6) showed
hat this construct yielded two recombinant parvovirus
enomes, apparently because it contains two right ends
f the AeDNV genome, which could be used during the
leavage from the plasmid. The larger of the two ge-
omes encodes VPs, but its lower rate of replication (see
ig. 2, lane 6) and hence the lower number of templates
or VP production might be the reason for the lower
ransducing particle titer compared to the system in
hich pUCA supplied the VP. The lowest number of
ransducing particles was produced with pVPs. This
elper lacks the left end of the genome and therefore
annot be rescued and replicated. These data suggest
hat the supply of VPs is an important factor for efficient
eneration of transducing particles. Similar observations
ave been made for transducing particles produced from
ammalian parvoviruses (Li et al., 1997; Vincent et al.,
997).
Along with transducing particles wild-type virions were
etected in the preparations of the producer cells (see
able 2). As expected the largest proportion of the wild-
ype particles was generated when pUCA was used as a
elper. Production of wild-type AeDNV when pVPs was
sed as a helper required a recombination event be-
ween p7NS1–GFP and the pVPs plasmids, and therefore
he amount of virus in these preparations was relatively
ow. In the case of p7NS1–GFPp61VP, a higher efficiency
f recombination in a single plasmid might explain the
igher proportion of the wild-type virus in the transducing
articles (Table 1). The high level of the wild-type virus in
he transducing particles indicates a relatively high level
f recombination of the AeDNV DNA in mosquito cells.
hese results suggest that to attain the highest levels of
ransducing particles, p7NS1–GFP and pUCA should be
sed. However, when the concentration of the wild-type
irus should be minimal, p7NS1–GFP with pVPs would
e the better choice. If a transducing particle enters a
ell, the transducing genome should be capable of self-
eplication but not self-packaging. If both a transducing
article and a virus enter a cell, replication and packag-
ng of both genomes should occur, which might lead to
he second round of transduction of a recombinant ge-
ome to new cells.
p7NS1–GFP, a construct designed to be self-replicat-
ng, yielded readily detectable expression of a NS1–GFP
usion protein after larvae were grown in cell culture
edium containing cells producing transducing parti-
les. Thus, the larvae were naturally infected by the
ransducing particles. Although larvae with fluorescent
ut cells were observed, as would be expected for oralnfection, many larvae (approximately 80%) showed initial
igns of infection in anal papillae. Anal papillae are
nown to be involved in regulation of ion concentrations
n the hemolymph (Wigglesworth, 1938). They are com-
osed of a syncytium, one cell thick with the chitinous
xterior on one side and the hemolymph on the other
Copeland, 1964; Edward and Harrison, 1983; Garrett and
radley, 1984; Meredith and Phillips, 1973; Sohal and
opeland, 1966). Since the cytoplasms of all of the cells
n a syncytium are connected, it is reasonable that trans-
uction of one cell would allow rapid spread of the
S1–GFP fusion protein and/or the transducing genome
o all of the cells in the papilla. Anal papillae may be an
lternate route of infection by this virus. The anal papillae
re directly exposed to the aqueous environment. Thus,
hey could be an alternative portal of entry for densovi-
uses. However, they are still protected by a layer of
hitin, and the mechanism by which the virus would
enetrate this layer is unknown. Nevertheless, it seems
hat mosquito densoviruses could be exploited to deliver
enes for recombinant proteins that are secreted into the
emolymph.
It is of interest that many of the cell types that fluo-
esce brightly after transduction (anal papillae, Mal-
ighian tubules, muscle fibers) are terminally differenti-
ted and no longer capable of division. This is an appar-
nt paradox, since parvoviruses are generally thought to
equire actively dividing cells for replication. Some of
hese cell types have polytene chromosomes (Gillham,
957). Several questions arise. Is the replication machin-
ry involved in generation of polyteny capable of sup-
orting parvovirus replication? Are the virus particles
eleased from these cells? All of these issues need to be
onsidered in assessing the pathogenesis of these vi-
uses and in the design and use of densovirus to ma-
ipulate and control vectors.
MATERIALS AND METHODS
lasmid construction
The DH5 strain of E. coli was used for all cloning
rocedures as well as for plasmid preparations. The
lasmid pS65T-C1 (Clontech Lab., Inc.) was used as a
ource of the GFP gene. For site-directed mutagenesis
n “Altered Sides II” in vitro mutagenesis System kit
Promega) was used according to the manufacturer’s
pecifications. All GFP expression constructs and helper
lasmids were built using pUCA or plasmids derived
rom it (not shown) and pS65T-C1. Details of cloning are
vailable upon request, and only functional features of
he plasmids are described here (Fig. 1).
pUCA is the infectious clone containing the AeDNV
enome (3981 nt) in pUC19 and is described in detail
lsewhere (Afanasiev et al., 1994).
pVPs was derived from pUCA by deletion of the left
alf of the AeDNV genome (nt 1 through 2044 of the
eDNV genome, GenBank Accession No. M37899). The
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70 AFANASIEV ET AL.eletion includes the left terminal repeats and the left
nd mid-ORFs. pVPs was used as a helper to supply Vps.
pUCAinv can supply the NS1 and NS2 proteins but has
n inversion in the right end of the genome to prevent
roduction of the VPs (Afanasiev et al., 1994).
For p7NS1p61NTS–GFP, the 59 terminus of the GFP
oding sequence is cloned into the right ORF at nt 2787.
s a result 77 N-terminal aa of VP1, harboring a putative
uclear targeting signal (NTS) sequence (Afanasiev et
l., 1994), are fused to the N-terminus of the GFP protein,
nd the fusion protein is expressed from the p61 pro-
oter.
p7NS1p61GFP was derived from p7NS1p61NTS–GFP
y site-directed mutagenesis. The sequence 2569-CATG-
CAGACAGCACTTCAATGGACCATGAC-2590 was changed
nto CtTGGCAGACAGCACTTCAgTGGACCgTGAC. This
liminates the putative start codon of VP1 as well as two
ubsequent codons. As a result the first ATG codon in
his ORF occurs now at nt 2699, which makes the se-
uence to which GFP is fused 46 aa shorter and lacking
he NTS.
p61GFP was derived from p7NS1p61GFP by deletion
f the NS1 and NS2 coding sequences (nt 442 to 2440).
he GFP gene is expressed at basal levels from this
lasmid since it is not transactivated with NS1.
p7NS1–GFP was derived from p7NS1p61GFP. Deletion
f nt 2675 to 2787 brought the GFP gene into the left ORF.
S1–GFP fusion protein is expressed in this construct
rom the p7 promoter and contains the entire NS1 and
FP sequences.
p7NS1–GFPp61VP was derived from p7NS1–GFP by
ddition of the right half of the AeDNV genome contain-
ng the VP gene (from nt 2043) to the transducing p7NS1–
FP genome. All genes necessary for generation of
ransducing particles are provided on this plasmid and
herefore the need for a helper is eliminated.
p7galNS1 contains the b-gal gene inserted into the
S1 reading frame as described previously (Kimmick et
l., 1998).
p61NcoRE is similar to pVPs with the insertion of the
-gal gene at the SnaBI sit in the VP gene, under the
ontrol of the p61 promoter, as previously described
Afanasiev et al., 1994).
pBSluc was a gift from Mike Bennett (CSU). It contains
he firefly luciferase gene expressed from the Drosophila
SP70 promoter.
osquito cell maintenance and transfection
The A. albopictus cell line C6/36 (Igarashi, 1978) was
rown at 28°C in Leibovitz’s L-15 medium (Gibco) sup-
lemented with 10% fetal bovine serum and 1% penicil-
in–streptomycin solution. DNA used for transfection was
repared using a Qiagen (Qiagen Inc.) plasmid kit ac-
ording to the manufacturer’s protocol.
Transfection of cells with different plasmids was per-
ormed using the Lipofectin reagent. Cells were seededs an approximately 50% monolayer 24 h prior to trans-
ection. A Lipofectin–DNA complex was made by incu-
ating 10 mg (per 25-cm2 flask) of plasmid DNA with 50
l of Lipofectin reagent in 3 ml of serum-free L-15 me-
ium for 15 min at room temperature. At the same time,
ells were rinsed once with 5 ml of sterile PBS (137 mM
aCl, 27 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4). The
BS rinse was removed and replaced with 3 ml of the
ipofectin–DNA complex. Following incubation for 8 h at
oom temperature, the Lipofectin–DNA complex was re-
laced with L-15 medium supplemented with 10% fetal
ovine serum and 1% penicillin–streptomycin solution.
o detect GFP expression, the cells were examined us-
ng an epifluorescence inverted microscope (Nikon, Dia-
hot 200) under different magnifications (3100, 3200, or
400). Photographs were made using a Nikon FX350X
amera, a Nikon NFX-IIA exposure meter, and Kodak
lite II Ektachrome color slide film, ISO 400. For GFP
etection cube filters (Nos. 41001 and B2A, Chroma
echnology Corp.) were used.
-galactosidase assays
b-gal expression constructs were transfected into
6/36 cells as described above. The transactivation con-
tructs (pUCAinv for wild-type NS1 or p7NS1-GFP for
S1–GFP fusion) were mixed with the expression con-
truct (p61NcoRE or p7galNS1) and an internal control
lasmid (pBSluc, expressing luciferase) in a 6:3:1 weight
atio. For nontransactivated controls pUC19 DNA was
sed in place of the transactivating plasmid. Levels of
-gal were determined using the Galactolight lumino-
etric assay (Tropix, Bedford, MA) as described previ-
usly (Kimmick et al., 1998) using a TD-20e luminomiter
Tuner Designs, Sunnyvale, CA). Luciferase levels were
etermined using the luciferase assay system (Promega,
adison, WI) and the TD-20e luminomiter. Arbitrary light
nits from the b-gal assays were normalized to the av-
rage light units of luciferase, which controls for trans-
ection and lysis efficiency.
nalysis of intracellular virus DNA
At 3–5 days after transfection, low-molecular-weight
NA was selectively extracted from cells using a modi-
ication of the Hirt (1967) procedure. The cells in a 25-cm2
lask were overlaid with 3.0 ml of lysis buffer (0.6% SDS,
0 mM Tris, pH 8, 10 mM EDTA) and incubated at room
emperature for 30 min. The cell lysate was transferred to
lastic tubes and digested with proteinase K at a con-
entration of 100 mg/ml for 2 h at 42°C. Then 1 ml of 5 M
aCl was added, gently mixed by inversion, and incu-
ated at 4°C for 48 h. The formed precipitate was re-
oved by centrifugation at 1500 g for 15 min. Superna-
ant was collected and digested again with proteinase K
t concentration of 100 mg/ml for 2 h at room tempera-
ure. Then the Hirt supernatant was extracted twice at
oom temperature with a equal volume of CHCL3, and the
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71TRANSDUCTION OF MOSQUITOS WITH DENSOVIRUS VECTORSNA was collected by ethanol precipitation. The precip-
tated DNA was resuspended in 400 ml of TE buffer (10
M Tris–HCl, 1 mM EDTA), pH 8.0, and digested with
ancreatic ribonuclease A (preheated at 80°C for 10 min)
t a concentration of 20 mg/ml for 15 min at room tem-
erature. After two more extractions with chloroform,
NA was recovered by ethanol precipitation and resus-
ended in 60 ml of TE buffer, pH 8.0. Half of each sample
as digested with DpnI, which cuts only sites that are
ully dam-methylated (GmeATC). The DpnI sites of bac-
erially produced plasmid DNA are fully methylated and
an be cleaved by DpnI. The sites in DNA replicated in
ukaryotic cells are not methylated and thus not di-
ested by DpnI. Therefore DpnI can be used to differen-
iate between input plasmid and DNA that has replicated
n eukaryotic cells (Peden et al., 1980). After electro-
horesis in a 1.2% agarose gel, the DNA was transferred
nto a MagnaGraph Nylon (MSI) membrane by standard
outhern blot protocol (Southern, 1975). Filters were
ried and baked at 80°C. Blots were prehybridized for
h in 13 Uni-Block (AGTC),) 0.1% N-lauroyl sarcosine,
.02% sodium dodecyl sulfate at 68°C. The prehybridiza-
ion buffer was replaced with a buffer containing 100 ng
f a denaturated digoxigenin-labeled DNA probe, and
ybridization was carried out at the same temperature
vernight. Synthesis of the probe and immunological
etection of DNA after hybridization followed the manu-
acturer’s protocols (Genius kit, Boehringer Mannheim).
ransduction of mosquito cells and larvae
The plasmid carrying the recombinant genome and
elper plasmid (if needed) were transfected into mos-
uito cells and after 60 h of incubation cells were lysed
y freezing and thawing three times. The cell lysate was
ransferred to plastic tubes and cleared by centrifuga-
ion. The supernatant was added to fresh cells at an
pproximately 25% monolayer density. Following incuba-
ion for 2 days, the number of GFP-positive cells was
ounted. To estimate percentage of wild-type virus par-
icles in the pool of transducing particles, aliquots of
ell-free lysate collected from the cells transduced with
ifferent plasmids were overlaid onto fresh cells equally
n two tissue culture flasks. After 2 days of incubation,
ells in one flask were fixed and stained with indirect
mmunofluorescence using rabbit antibodies raised
gainst AeDNV (generous gift of Dr. L. Buchatsky). The
FP-positive cells in the second flask were counted at
he same time.
Newly hatched A. aegypti larvae were exposed to
ransducing particles by introducing them into the me-
ium containing cotransfected producer cells. The larvae
ere put into the cell flask containing the whole-cell
ysate including cell debris (Barreau et al., 1994). After
8 h of incubation in the flask at 28°C the larvae were
ransferred to 1-L pans and were fed with liver powder.
osquito larvae were examined using the fluorescenticroscope and photography was performed as de-
cribed above for mosquito cells.
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